Stöckel, T, Carroll, TJ, Summers, JJ and Hinder, MR Motor learning and cross-limb transfer rely upon distinct neural adaptation processes. http://researchonline.ljmu.ac.uk/id/eprint/3936/ Article LJMU has developed LJMU Research Online for users to access the research output of the University more effectively. Abstract 29 Performance benefits conferred in the untrained limb after unilateral motor practice are 30 termed cross-limb transfer. Although the effect is robust, the neural mechanisms remain 31 incompletely understood. Here we use non-invasive brain stimulation to reveal that the 32 neural adaptations that mediate motor learning in the trained limb are distinct from those 33 that underlie cross-limb transfer to the opposite limb. Thirty-six participants practiced a 34 ballistic motor task with their right index finger (150 trials), followed by intermittent-theta 35 burst stimulation (iTBS) applied to the trained (contralateral) primary motor cortex (cM1 36 group), the untrained (ipsilateral) M1 (iM1 group), or the vertex (sham group). Following 37 stimulation, another 150 training trials were undertaken. Motor performance and 38 corticospinal excitability were assessed before motor training, pre-and post-iTBS, and 39 following the second training bout. For all groups, training significantly increased 40 performance and excitability of the trained hand, and performance, but not excitability, of 41 the untrained hand, indicating transfer at the level of task performance. The typical 42 faciltatory effect of iTBS on MEPs was reversed for cM1, suggesting homeostatic 43 metaplasticity, and prior performance gains in the trained hand were degraded, suggesting 44 that iTBS interfered with learning. In stark contrast, iM1 iTBS facilitated both performance 45 and excitability for the untrained hand. Importantly, the effects of cM1 and iM1 iTBS on 46 behaviour were exclusive to the hand contralateral to stimulation, suggesting that 47 adaptations within the untrained M1 contribute to cross-limb transfer. However, the neural 48 processes that mediate learning in the trained hemisphere versus transfer in the untrained 49 hemisphere appear distinct.
Introduction 61 Generalization of learned actions is critical for flexible and adaptive human behavior; 62 it is clearly advantageous to be able to apply motor skill obtained in one context to 63 alternative spatial locations, movement directions and effectors. Cross-limb transfer 64 describes the behavioral benefit conferred in the untrained limb (i.e., inter-limb 65 generalization) following unilateral motor practice. Although this effect has been studied for (Perez and Cohen 2008) . 80 Motor learning paradigms utilizing simple ballistic movements, in which participants 81 aim to maximize the rate of force development or acceleration of the upper limb or hand 82 (e.g. Classen et al. 1998) , represent an ideal model to study the mechanisms of adaptation 83 and transfer. Using a "virtual lesion" TMS approach in this paradigm, Lee et al. (2010) showed that adaptations within each hemisphere specifically mediate performance 85 improvements of the contralateral limb, irrespective of whether the performance gains are 86 due to direct practice or transfer. However, it remains unknown whether the synaptic 87 mechanisms of adaptation are similar in the two hemispheres. 88 Here we used a non-invasive brain stimulation (NBS) protocol that induces effects 89 that resemble long-term potentiation (LTP) in the resting brain (intermittent theta-burst 96 principles of homeostatic plasticity (i.e., Müller-Dahlhaus and Ziemann 2015 for a review), 97 which provides evidence that learning is driven by LTP-like plastic changes. Here, we tested 98 whether training-induced performance gains in the trained (direct learning) and untrained 99 hands (cross-limb transfer) are driven by similar, LTP-like, neural adaptations in the trained 100 and untrained motor cortices, respectively. If the synaptic mechanisms of learning and 101 transfer are similar in each hemisphere, then the LTP-like effects of iTBS should be reduced 102 or reversed in both the trained and untrained motor cortices (see Figure 1A ). If however, 103 transfer represents a distinct neural process to learning, then iTBS applied to the untrained 104 hemisphere following training would be predicted to induce similar effects as when applied 105 in isolation ( Figure 1B ). Because it is of practical interest, for potential therapeutic applications, to 109 understand the impact of plasticity-inducing NBS on the capacity for subsequent 110 performance improvements via transfer, we also assessed performance changes due a Thirty-six healthy, right-handed young adults (Oldfield, 1971) were randomly 122 assigned to either a cM1 (n = 12, 5 males, average age = 26.2 years, SD = 5.6), iM1 (n = 12, 6 123 males, average age = 24.4 years, SD = 5.9), or a sham group (n = 12, 5 males, average age = 124 24.4 years, SD = 5.0) where cM1, iM1 and sham refer to the nature of the applied stimulus 125 following unilateral practice (see Task and procedure). All participants gave written informed 126 consent, and completed a medical history questionnaire which confirmed the absence of any 127 known neurological and neuromuscular dysfunction and any contraindications to TMS. All The experiment was designed to use non-invasive brain stimulation to interact with 132 training-induced plasticity in the trained and untrained hemisphere following unilateral 133 motor training. We aimed to determine whether training-induced performance gains in the 134 trained (direct learning) and untrained hands (cross-limb transfer) are driven by similar, LTP-135 like, neural adaptations in trained and untrained motor cortices, respectively. 
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In order to specifically interact with the neural adaptations mediating performance 164 gains in the trained hand (i.e., direct motor learning gains) and the untrained hand (i.e., 165 cross-limb transfer), we applied intermittent theta burst stimulation (iTBS) to the trained or 166 untrained M1, or to the vertex as a 'sham' condition, after the first training block. iTBS has 167 been shown to increase motor evoked potential (MEP) amplitude in a manner consistent isometric contraction of the corresponding FDI muscle at about 10 % of maximum force. 185 Motor performance (i.e., peak acceleration in 10 test movements per hand) and 186 neurophysiological measures (i.e., cortical excitability and intracortical inhibition as assessed 187 with TMS) were obtained for both hands/ motor cortices before motor training commenced 188 (pre-test), after the first motor training block but before iTBS administration (pre-iTBS), hand performance (referred to as nACC training ). The penultimate block was chosen such that 260 we compared sub-blocks in which visual feedback was consistent (i.e., visual feedback of 261 performance was provided in both the first and ninth sub-block, but not the tenth sub-262 block). 263 Responses to TMS were sampled at 10 kHz from 3 s before to 2 s after the test pulse. Statistical analysis 302 To ascertain that 1) pre-test values (relating to both behaviour and cortical 303 excitability/inhibition) and training-induced changes from pre-test to pre-iTBS in these 304 parameters were similar across groups and 2) to ensure significant learning and transfer 305 effects following the first motor training block were apparent, we separately submitted raw To benefit from cross-limb transfer effects (e.g., in rehabilitation settings) it is critical 322 to know which factors (e.g., motor learning itself, mirror muscle activity, corticospinal 323 excitability) predict and mediate performance gains in an untrained hand. It is also important 324 to know whether performance gains in an untrained limb after unilateral practice are driven 325 by adaptations in the untrained hand/ motor cortex during training (i.e., via cross activation) 326 or in the trained hand/ motor cortex upon retrieval (i.e., via callosal access). To this end, a 327 multiple regression analysis was employed to identify the main predictors of cross-limb 328 transfer (i.e., normalized performance gains of the untrained hand relative to pre-test 329 performance of that hand) following an initial unilateral practice period (i.e., at pre-iTBS), 330 and to study their relative predictive strength (when controlling for other predictor 331 variables). Two regression models were tested. The first one of these models included three 332 variables derived from the trained (active hand). These were: the normalized performance 
Results
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Motor performance 350 Training-induced effects on motor performance 351 Average peak accelerations at pre-test were 20.5 ± 9.4 ms -², 20.9 ± 4.6 ms -² and 14.8 352 ± 2.4 ms -² for the right hand and were 18.9 ± 5.9 ms -², 20.1 ± 3.7 ms -² and 14.4 ± 2.7 ms -² for 353 the left hand for the cM1, iM1 and sham groups, respectively. Upon completion of the first 354 training block (i.e., at pre-iTBS), peak acceleration of the index finger had increased to 36.5 ± RMTs (as a % of maximum stimulator output, ± 95% CI) for the right hand were 42.5 ± 427 4.2%, 40.7% ± 3.5% and 43.1 ± 3.5%; and were 42.1 ± 4.1%, 40.8 ± 4.0% and 44.1 ± 2.4% for 428 the left hand for cM1, iM1 and sham group participants, respectively. There were no 429 significant differences between groups, F(2,33) = 0.60, p = .56, η p ² = .04, or hands, F(1,33) = 430 0.11, p = .75, η p ² = .003, and no interaction between hand and group, F(1,33) = 0.30, p = .75, 431 η p ² = .02. AMTs were 48.0 ± 3.4%, 47.2 ± 2.5% and 49.4 ± 3.6% of maximum stimulator 432 output for cM1, iM1 and sham group participants, respectively, and did not differ between in the untrained motor cortex (r = .52, p = .08), but not for the trained motor cortex and 480 hand (r = -.29, p = .36). Also there were no such associations between performance and 481 excitability changes following iTBS for the cM1 group's trained (r = .09, p = .78) or untrained 482 hand (r = .33, p = .29) at post-iTBS. and left hands at post-iTBS was 0.95 (± 0.12) and 1.13 (± 0.18) respectively (see Figure 6A ). 556 Normalized motor performance following iTBS was 0.93 (± 0.11) for the right hand and was 557 0.86 (± 0.07) for the left hand (see Figure 6B ). One-sample t-Tests (against pre-test level, i.e. 558 1) revealed the decrease in left hand performance to be significant, t(11) = -3.71, p = .003, 559 but not the increase in left hand (right M1) excitability, t(11) = 1.407, p = .18. Thus, the 560 expected LTP-like effect of iTBS was not statistically significant for the entire group due to inter-subject variability (as has been reported previously, Hamada et al., 2013; Hinder et al., 562 2014). We therefore looked at the subset of six control participants who showed the largest 563 MEP changes for the left hand, to be sure that an iTBS-induced increase in MEP amplitude 564 does not change motor performance. Average normalized excitability of the sub-sample was 565 0.98 (± 0.13) and 1.37 (± 0.23) for circuits projecting to right and left hands respectively (see 566 Figure 6C ). Average normalized performance following iTBS for the subset of best 567 'responders' was 0.98 (± 0.16) for the right hand and was 0.88 (± 0.08) for the left hand (see 568 Figure 6D ). One-sample t-Tests revealed both the increase in left hand (right M1) excitability, 569 t(5) = 2.84, p = .04 and the decrease in left hand performance to be significant, t(5) = -2.85, 570 p = .04. Moreover, changes in MEP amplitude and motor performance following iTBS were 571 not associated, neither across the entire group of 12 subjects (left hand: r = .05, p = .89; right 572 hand: r = -.38, p = .22), nor in the subset of participants that exhibited the largest MEP 573 changes in the left hand following iTBS (left hand: r = .03, p = .96; right hand: r = -.11, p = 574 .84). Taken together, the data imply that there was no tendency towards increased motor The present study used non-invasive brain stimulation to probe the neural 580 mechanisms underpinning motor learning and cross-limb transfer. The major novel finding 581 was that when applied following an initial period of motor learning, brain stimulation that gains suggests that non-invasive brain stimulation interfered with circuits involved in storage 592 or retrieval of the new motor memory (Muellbacher et al. 2002) . In contrast, iTBS applied to 593 the untrained hemisphere (iM1 group), resulted in improved motor performance ( Figure 3B ) 594 and increased corticospinal excitability ( Figure 4B ) in the untrained hand and motor cortex 595 without affecting the performance or projections to the trained hand (see Figure 1B for that 596 prediction). Moreover, these changes in performance and excitability seem functionally 597 related; the extent of performance transfer to the untrained hand predicted the magnitude 598 of excitability increases. The distinct effects of iTBS on performance in the trained 599 (performance decrements) and untrained (performance gains) cortices is highly suggestive 600 that different mechanisms mediate motor learning and cross-limb transfer. Importantly, the 601 observed differences in the manner in which iTBS affected performance in the trained and 602 untrained hands appeared despite the fact that both hands had exhibited increases in 603 performance following the initial unilateral motor learning. 
